Multiple exciton generation is a process in which more than one electron hole pair is generated per absorbed photon. It allows us to increase the efficiency of solar energy harvesting. Experimental studies have shown the multiple exciton generation yield of 1.2 in isolated colloidal quantum dots. However real photoelectric devices require the extraction of electron hole pairs to electric contacts. We provide a systematic study of the corresponding quantum coherent processes including extraction and injection and show that a proper design of extraction and injection rates enhances the yield significantly up to values around 1.6.
I. INTRODUCTION
In recent years colloidal semiconductor quantum dots (QDs) have shown promise as photovoltaic material. Quantum confinement in QDs allows convenient tuning of the absorption over the whole solar spectrum leading to the so called "rainbow" solar cells 1 . Most promising, however, is the process known as multiple exciton generation (MEG) [2] [3] [4] [5] [6] [7] [8] [9] [10] . MEG is the generation of more than one electron hole pair with energies close to the bandgap upon the absorption of a single high energy photon 5, [11] [12] [13] [14] . The process is a result of Coulomb electronelectron interaction (in the form of an inverse Auger process), which is more significant in QDs than in bulk structures due to the forced overlap of electronic wavefunctions 15 . In addition, confinement leads to the absence of conservation of momentum, modified carrier-cooling rates and reduced dielectric screening, all of which account for enhanced MEG in QDs 15, 16 . Besides this basic understanding, a detailed microscopic description of MEG in QDs is needed for an efficient design and optimization of QD solar cells. Since the first demonstration of efficient MEG in PbSe QDs by Schaller and Klimov in 2004 5 , a significant attention has been paid towards the study of QD based systems for efficient MEG. Several groups have been studying MEG efficiency in colloidal semiconductor QDs where they showed a production of multiple electron hole pairs upon absorption of a single photon 12, [16] [17] [18] . Lead Chalcogenide QDs (PbS and PbSe), Cadmium Chalcogenide QDs, Indium based QDs (InAs and InP) and Silicon QDs are some of the intensively studied QD systems for exploring the efficiency of 25 , which allows one to capture the rapid processes of bi-exciton formation and Auger recombinations on the ps time scale 26 . These processes occur at much faster timescale as compared to the lifetimes of single excitons (ns time scale) 27 . Recently, we have established a model to study this timedependence 28 , which describes bi-exciton formation in good agreement with time-resolved measurements 20 .
In a real solar cell generating current, the extraction and injection of charge carriers is of central relevance 29, 30 . Efficient MEG combined with the extraction of electron hole pairs has been demonstrated by several groups in the past. An increased peak external quantum efficiency due to MEG was reported for PbSe 31 and PbS 4 QDs. Similarly, increases exceeding 120% have been reported in PbTe QDs 7 and PbSe nanorods 32 . Quantitatively, the injection and extraction rates of carriers between the dot and its environment can depend highly on material parameters such as the band alignment and the geometry of the physical realization 33 . In this work, we explore the parameter regimes for efficient extraction of charge carriers produced with the MEG scheme. The aim is to guide the design of optimal couplings between the QDs and the relevant donor and acceptor reservoirs.
For the exciton generation, we consider a short laser pulse. This is guided by corresponding optical measurements. The double exciton generation is due to the Coulomb electron-electron interaction, which we take into account by diagonalising the QD system with full inter-particle interaction as described in Ref. 28 . Ideally, in the absence of coupling to the outside environment, one expects that amplitudes in the two states can oscillate indefinitely in a way similar to the Rabi oscillation in isolated two level system 14, 17 . However, in reality relaxation and dephasing limit such coherent behavior. This is described by a Lindblad master equation here. As in Ref. 28 , we take into account pure dephasing, relaxation within the bands and recombination between the bands, which is typically the slowest process. In addition, we consider the extraction and injection of charge carriers to and from the QD. This allows for a more realistic description of the yield for the device, which here is defined as the number of extracted electrons per absorbed photon.
The observable yield depends on two issues: Firstly, the double excitons must be produced and secondly their presence needs to be detected. As the exciton generation and their subsequent evolution is a coherent process, any detection may substantially modify the behavior. Therefore a careful definition of the yield based on the experimental setup is important 34 . For isolated dots, the yield was measured by the bleach signal of the exciton absorption on a timescale of tens of ps after the excitation 20 . This average exciton occupation probability corresponds to the recombination of excitons, which was used to define the yield in our earlier study 28 . In this work we consider a photoelectric device by including the injection and extraction of carriers. This allows for a more practical definition of the yield based on the number of the extracted electron hole pairs. Compared to our earlier study, we find higher yields, as the extraction reduces the probability for the double exciton to return back to the single exciton via Auger recombination.
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This clearly demonstrates the relevance of properly designed contacts for the injection and the extraction of the charges and this work contributes to their optimization.
II. MODEL
Figure 1 sketches our model for the QD and the main physical processes considered in the study which are outlined in detail below. An optical excitation by a resonant pulse creates the single exciton state |SX from the ground state |GS . The single exciton state is transferred to the double exciton state |DX by an inverse Auger process. However, electron relaxation by other processes, such as phonon scattering, are competing process here. Once the double exciton is formed, it is desirable to extract the electrons from the levels 1 and 2 by an efficient mechanism before it returns back to the single exciton state via an Auger process. In the many-particle description applied here the Auger process and its inverse appear as the coherent oscillation between the states |SX and |DX due to the coupling by the Coulomb matrix element V SX,DX , see Ref. 28 and 17
Many particle states
The total Hamiltonian for the system can be divided into two main parts, the time independent Hamiltonian H 0 of the dot, which fully includes the Coulomb interactionĤ ee between the electrons, and the time dependent interaction with the oscillating electric field,Ĥ I (t).
All the operators are expressed in occupation number representation with the creation/annihilation operatorŝ a † i /â i for electrons in the single particle levels i having energy E i . The many body states used in our calculations are obtained by exact diagonalization ofĤ 0 . We use parameters corresponding to a 4 nm PbS QD following Ref. 28 , where further details can be found.
Equation of motion for the density matrix
The QD is excited by an optical pulse, which we describe in dipole approximation aŝ
Throughout this study we use τ = 150 fs, eE 0 z 37 ≈ −0.317 meV, and ω ≈ 4.25 eV, which corresponds to a 0.035π pulse in resonance with the 7 → 3 (and 8 → 4) transition taking into account the Coulomb interaction in the ground state. (Thus, slightly different values of ω will be be used in calculations with a modified Coulomb strength below.) The time evolution of the reduced density operator for the system is evaluated by the Lindblad
Here, the jump operatorsL j describe different dissipation processes (with rate Γ j / ), which are restoring the ground state for sufficiently long times after the excitation.
Dissipative processes considered
We use the convention that carriers with up spins ↑ occupy odd numbered and those with down spin ↓ occupy even numbered single particle levels in all the definitions below. The following dissipative processes are taken into account in the model cf. Fig. 1 : Extraction from the conduction band edgê
with strength Γ Ext
Injection into the valence band edgê
with strength Γ Inj
Relaxation in the conduction band
with strength Γ Rel
Relaxation in the valence band
Recombination across the band gap
with strength Γ Rec
Dephasing of all stateŝ
with strength Γ Deph
The jump operators are defined in such a way that they all conserve the total spin if the particle number is conserved. The different decoherence mechanisms, which are phenomenologically described in Eq. (3), can be associated to all forms of intrinsic scattering mechanisms other than electron-electron scattering, which has already been included in the effective Hamiltonian.
In all the simulations, the dephasing rate Γ Deph = 6 meV which corresponds to τ Deph = 0.69 ps is applied. As the recombination is typically the slowest time scale (unless for very weak coupling to the reservoir not considered here), we neglect this process in our study and set Γ Rec = 0, which corresponds to τ Rec = ∞ throughout this work. (Test calculations showed only very small changes of about 5% for Γ Rec = 0.1 meV with the corresponding rate in time units of τ Rec = 41.3 ps, which is fairly large compared to the typical recombination rates in semiconductor dots.) The extraction and injection processes require certain energy ranges for the incoming and outgoing particles. If the jump operator corresponds to adding a particle (injection), the initial system with particle number N has an energy E(N ). The incoming particle should have an energy such that it enters the valence band levels (5 or 6) depending on the spin. After the jump, the system will have N + 1 particles with energy E(N + 1). The injecting contact for such a photovoltaic system has its electrochemical potential a small margin ∆ above the highest occupied level in the valence band, as depicted in Fig. 1 . Thus, electrons can only
Here, E g (N ) denotes the ground state for N particles as obtained from the diagonalization ofĤ 0 . Temperature broadening is neglected for simplicity. Similarly, the jumps associated with the removal of a particle (extraction), require empty states in the corresponding reservoir, which are available above its electrochemical potential. This is a small margin ∆ below the lowest level in the conduction band and provides the required energy
− ∆ for the removal of an electron from an N -electron state. In all our calculations, we use ∆ = 0.2 eV.
III. RESULTS AND DISCUSSION
The focus of our work is to determine parameter regimes in which the total number of extraction of charged particles from the band edges is optimal per single absorbed photon. Here, we calculate the average number of particles extracted from the conduction band after the pulse excitation. The extraction rate is
so that the average number of extracted electron is given by
This quantity is plotted in Figure 2a as a function of the extraction rate, Γ Ext , for electrons from the conduction band and the injection rate, Γ Inj , for electrons into the valance band by appropriately designed contacts. As expected, we find that the number of extractions increases with increasing reservoir coupling for either contact, as competing relaxation processes become less relevant. Note that the number of injections, as obtained by summing over jump processes 3 and 4, equals the number of extractions, as the system returns into the ground state with 4 electrons occupying the levels 5-8 for large times. Thus, the number of extractions and the number of injections constitute the same measure for the current flow through the dot. In order to determine the yield, we need the number of absorbed photons for comparison. Therefore we consider the energy balance for the interaction with the light field (6) such that the total energy transferred from the light pulse to the dot is
This quantity is displayed in Figure 2b and is only changing slightly with the contact couplings. Our main point of interest is the yield, i.e., the ratio between the number of extraction and the absorbed energy per the incoming photon energy.: Figure 2c shows that the yield varies between ≈ 1.13 − 1.25 for different injection and extraction rates for Γ Rel = 3.3 meV. It can be seen that higher rates of extraction and injection in general result in a higher yield. This is 1.8
FIG . due to the fact that the double exciton is efficiently extracted before it goes back to the single exciton state via the inverse Auger recombination. Comparing the increment in the yield as a function of the extraction and injection rate, it can be seen that the yield increases faster as a function of extraction and saturates more quickly than upon varying the injection rate. The reason for this behavior is that the extraction involves the electrons in the conduction band, which are created as a result of the Coulomb electron-electron interaction. On the other hand, the injection rate involves the electrons in the valence band, which increases the yield only if the extraction rate is small. This increase is due to the fact that injection into the level 6 hinders the Auger process converting the |DX state back to the |SX state, see Fig. 1 . This provides a relevant termination process for the coherent oscillations between the |DX and |SX state, if the extraction rate is small. Figure 2d shows similar results but with a smaller relaxation rate. It can be seen that the overall yield increases for the ranges shown. Low relaxation rate indeed results in a larger chance for the inverse Auger process to occur before the single exciton relaxes to some other low energy state. As a result, the creation and extraction of the double exciton is enhanced for reduced relaxation.
Since MEG involves a competing process between the Auger kinetics and the relaxation, it is of interest, to study how these relate to each other quantitatively. The inverse Auger process is dominated by the Coulomb matrix element V ee 1263 = −0.6 meV. In order to quantify its role, we now modify this matrix element (as well as the one with spins exchanged and the adjoint ones) by multiplying them with a factor F C . Fig. 3 shows the yield as a function of injection rate for the different strengths of the Coulomb coupling for the Auger terms. The energy splitting |E SX − E DX | ≈ 2|V ee 1263 | in each simulation is indicated by a dashed vertical line for better comparison with respect to the extraction and injection rates. In addition, the extraction rates for each line is indicated by a diamond with the corre-sponding colors for each extraction rate. As expected, the yield increases with increasing either the extraction or the Auger coupling for all cases. Here, we find that in the case where the Auger Coulomb coupling is dominant over the extraction rate, 2|V ee 1263 | > Γ Ext , the yield is small as the coherent oscillation between the |SX and |DX states is only damped by the relaxation processes. However, the |DX state can be conserved by the injection of an electron into the valence band and thus we find a significant increase of yield with Γ Inj under these conditions, which levels of for Γ Inj 2|V ee 1263 |. On the other hand, for Γ Ext > 2|V ee 1263 | where extraction is dominant, the variation of the yield as a function of the injection rate is small. In this case, the extraction is sufficient to guarantee high yield.
IV. CONCLUSION
In this work, we have examined the conditions for optimal MEG by impact ionization upon optical excitation by high energy photons. We have focused on the extraction and injection mechanisms of charge carriers, which are key ingredients in a realistic device. We have shown that an optimal yield can be achieved by an efficient extraction mechanism, which exceeds the Coulomb coupling matrix element for the inverse Auger process. Furthermore, relaxation should be kept slow. For small extraction rates compared to the Coulomb matrix element between the single exciton and double exciton states, an increase in the injection rate improves the yield by altering the oscillation between |SX and |DX . More importantly, our work shows that the MEG yield in photovoltaic devices can be higher than in QDs dispersed in solution that have no contacts for the extraction of the charges.
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